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A B S T R A C T
Recently, metal oxides as high capacity anode materials had been investigated for lithium ion batteries.
However, the fast capacity fading upon cycling leaded poor durability, which hindered their application as
higher energy density of lithium ion battery. In this paper, a nanostructured nanocomposite with graphene
supported CoFe2O4 nanoparticles (NPs) was prepared via simple hydrothermal reaction. The uniform CoFe2O4
NPs were anchored on graphene sheets, which brought a good performance on cyclability. Combined with the
optimization of graphene content, the anode delivered a better capacity retention of 944 mA h g−1 over 50 cycles
at current density of 100 mA g−1 and the good reversible capacity as 990 mA h g−1 when the rate returned from
5 A g−1 to 0.1 A g−1 after 60 cycles. The present work provided a desired structure for conversion anode
materials or other electrode materials of large volume change.
1. Introduction
Lithium ion batteries (LIBs) had been the power choice for portable
electronics and electric vehicles because of the high energy density and
long cycle life [1,2]. The commercial graphite anode exhibited a limited
capacity based on lithium ion intercalation/de-intercalation mechan-
ism, which hindered signiﬁcantly the further development of LIBs.
Thus, many metal oxide anode materials based on conversion reaction
had been widely studied due to their high theoretical speciﬁc capacities,
low toxicity and low cost, which could be the candidates for the next-
generation LIBs [3–5]. However, it also leaded to large volume change
and destruction of the structure upon electrochemical cycling, hence
good reversibility of the conversion reaction was very hard to achieve,
especially at high rate.
To overcome the challenges, a wide variety of nanosized metal oxide
particles and nanostructures such as metal oxide/carbon nanocompo-
sites [6,7], hollow structures [8,9] and mesoporous structures compo-
sites [10–12] had been developed to short diﬀusion pathways for Li
ions, resulting in high rate capabilities and good capacity retention.
Recently, graphene sheets (GS) had been emerging as a promising
support matrix in application of LIB [5,11–14]. The hybrid materials of
NPs and graphene support were explored because it could enhance the
dispersion and stability of NPs in graphene matrix. Several groups
[13,15–17] discussed that graphene-based hybrid exhibited beneﬁcial
properties and improves the reversible capacity, rate capability and
long-term cycling stability.
CoFe2O4 (CFO) was chosen as promotional anodes due to its high
theoretical capacity of 916 mA h g−1 (according to eight moles Li ions
per mole CFO), low processing cost and environmentally friend [4,18].
To address the poor cycle life of CFO, various structures had been
developed. Sandwich structured CFO/GS [17] was synthesized to
enhance the lithium storage by pre-treating the precursors. The
capacity of CFO/GS delivered as high as 965 mA h g−1 after 50 cycles
at 50 mA g−1. To improve the cycling performance and rate capacity,
the core-shell structured CFO/C [19] was studied to avoid the
aggregation of pulverized CFO NPs during electrochemical cycling.
The good reversible capacity retentions of 914 mA h g−1 at current
density of 100 m A g−1 was obtained. With the improved performance
with graphene matrix, it was still a great challenge to develop the GS/
CFO nanocomposites with long stability and good rate capacity
ascribed by its nanostructure.
In the present work, we developed a quick and simple approach to
get CFO nanoparticles anchored on GS via a hydrothermal process,
which combined the in-situ growth of CFO as well as simultaneous
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reduction of graphene oxide (GO) in the aqueous solution. It was also
found that the distribution of CFO NPs was controlled by tuning the
amount of graphene sheets in the GS-CFO hybrid. The unique
structured nanocomposite promised to deliver good cycling reversi-
bility and rate performance because of the good conductivity, Li-ion
accessibility, and accommodated volume change.
2. Experimental
Graphene oxide (GO) was prepared using a modiﬁed Hummers
method [20]. In a typical synthesis, 40 mg graphene oxide was dispersed
in 40 mLDI water under sonication for 1 h to obtain a well-dispersed GO
suspension. Subsequently, iron chloride (0.7 mmol), cobalt acetylaceto-
nate (0.35 mmol) and ascorbic acide (2 mmol) were homogeneous mixed
into the GO solution. Then, 10 mL of hydrazine hydrate were added into
the mixture with vigorous stirring for 30 min to get the homogeneous
dark solution. The suspended solution was transferred into a 100 mL
Teﬂon-lined stainless steel autoclave and cooked at 180 °C for 16 h. The
ﬁnal product was collected by centrifugation, washed with ethanol and
deionized water, then dried at 80 °C overnight.
In order to control the dispersion of CFO on graphene layer, the
samples were prepared by tuning the weight ratio of graphene as 0,
10 wt% and 20 wt%, labeled as CFO, GS-CFO-1, and GS-CFO-2,
following the similar reaction conditions above.
The morphology and microstructure of the samples were character-
ized by ﬁeld-emission scanning electron microscope (SEM, FEI Nano
450). The phase purity and crystal structure of the samples were
examined by X-ray diﬀraction (XRD, Bruker D8) with Cu Kα radiation
at 40 kV and 40 mA from 8° to 90°. Raman measurements were carried
out on a HORIBA JOBIN YVON S.A.S. system (model LabRAM
HR800) at 532 nm. Nitrogen sorption isotherms were obtained using
a Quantachrome Autosorb automated gas sorption system at −196 °C.
The speciﬁc surface areas were calculated using the Brunauer–
Emmett–Teller (BET) theory.
The sample was mixed carbon black and polyvinylidene ﬂuoride
(80:10:10 by weight ratio) in N-methyl-2-pyrrolidone to form a slurry,
which was then coated on copper foils. The electrodes were dried in a
vacuum oven for 24 h, weighed and moved into the glovebox. The mass
loading of active material was ~1 mg cm−2. The electrochemical perfor-
mance was tested using 2025-type coin cells. Li metal foil was used as the
counter electrode. 1 M LiPF6 in a mixture of ethylene carbonate (EC),
diethyl carbonate (DEC) and ﬂuoroethylene carbonate (FEC) (1:1:1 by
volume) was used as the electrolyte and Celgard 2400 as the separator. The
coin cells were assembled in an argon ﬁlled glove-box (Braun, German).
Galvanostatic charge/discharge tests were carried out on a LAND battery
test system (Land BT2001A, Wuhan, China) between 0.01 V and 3.0 V
versus Li/Li+. The cyclic voltammetry (CV) was collected at a scan rete of
0.01 mV s−1 within the range of 0.01−3.0 V on an electrochemical
workstation (VMP3, Bio-Logic SA, France). Electrochemical impedance
spectroscopy (EIS) was measured by applying a sine wave with amplitude
of 5 mV in the frequency range from 1000 kHz to 1 Hz.
3. Results and discussion
The XRD patterns of the GO and GS-CFO nanocomposites were
shown in Fig. 1(a), respectively. For the GO powders (red line), the
broad diﬀraction peak appeared at around 25°, which was ascribed to
the natural graphite. It was indicated that the GO with the oxygen-
containing functional groups was anchored on the graphene sheet. The
XRD pattern of GS-CFO nanocomposites (blue line) was well be
indexed to typically CoFe2O4 patterns (JCPDS card 22-1086). The
average size of CFO NPs in GS-CFO nanocomposites was calculated to
be around 25 nm by half peak width according to the Scherrer
equation. The diﬀraction peak at around 25° shifted to a lower and
weak reﬂection peak at 23°, demonstrating the graphene reduced from
GO during hydrothermal reaction [21].
Raman spectra of GO and GS-CFO nanocomposites were carried
out to further demonstrate the structural changes from GO to GS
during the chemical processing, as shown in Fig. 1(b). The D band at
1345 cm−1 (originating from defects associated with vacancies, grain
boundaries, and amorphous carbon species) and G band at 1599 cm−1
(corresponding to ordered sp2-bonded carbon atoms) were observed in
GO sheets. The Raman spectra of GS-CFO nanocomposites also showed
both D and G bands, but G band shifted, indicating the reduction of
GO. Furthermore, D and G bands were ﬁtted to demonstrate the
information of the structure change corresponding respectively to the
E2g graphic mode and the defect-induced mode. The ID/IG ratios for
GS-CFO raised in compared with that for GO, indicating the further
recovered aromatic structures after the removal of oxygen moieties by
thermal reduction [15,22].
To investigate the dispersion and nucleation of CFO NPs on the
graphene matrix, the products with diﬀerent amount of graphene were
also studied by SEM, as shown in Fig. 2. It was cleared that the CFO
NPs with an average particle size of 20 nm uniformly anchored on
graphene sheets while increasing the amount of graphene. Compared
with GS-CFO-1 and GS-CFO-2, the more homogenous distribution of
CFO in GS-CFO hybrid was achieved by increasing the graphene ratio
to 20 wt%, thus making GS-CFO-2 fully accessible to lithium ions in the
electrolyte. By contrast, the particle size of bare CFO was much bigger
as 500 nm, which due to the aggregation of CFO without graphene
sheets acted as nucleation sites to facilitate the formation of small
crystals during the hydrothermal process [15]. The nitrogen sorption
Fig. 1. XRD patterns (a) and Raman spectra (b) of GO and N- GS-CFO.
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analysis in Fig. 3 suggested that the GS-CFO-2 had a speciﬁc surface
area (SSA) of 85.7 m2 g−1, much higher than that of bare CFO (SSA of
28.6 m2 g−1). The higher SSA of GS-CFO-2 could be ascribed to the
uniformity and dispersion of CFO NPs on graphene sheets, which was
formed porous structure and beneﬁt to the access of electrolyte.
In consideration of morphology, the product of GS-CFO-2 was
selected as anode material for LIBs to characterize the charge storage
behavior. Cyclic voltammetry (CV) of the CFO and GS-CFO-2 nano-
composites at 0.01 mV s−1 within a potential range of 0.01−3.0 V were
shown in Fig. 4(a) and (b), respectively. Two clear sharp cathodic peak
were observed during the ﬁrst lithiation step at 0.63 and 1.55 V for
CFO and 0.64 and 1.56 V for GS-CFO-2. It was corresponding to be the
conversion process of Fe3+ and Co2+ to metallic states and the
formation of amorphous Li2O as well as the irreversible reaction with
the electrolyte [17]. The board anodic peaks observed for both CFO and
GS-CFO-2 were ascribed to the reversible oxidation of metallic Fe and
Co. In the second cycle, the cathodic peaks almost disappeared for
CFO. However, the two main cathodic peaks shifted to 0.8 and 1.46 V
for GS-CFO-2 were observed due to the structural change in the CFO
NPs after the Li-ion insertion in the ﬁrst cycle [16,17], which was
Fig. 2. SEM images of CFO at diﬀerent magniﬁcations: (a) and (b), SEM images of GS-CFO-1 at diﬀerent magniﬁcations: (c) and (d), SEM images of GS-CFO-2 at diﬀerent
magniﬁcations: (e) and (f).
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ascribed to the formation of a solid electrolyte interface (SEI) and the
reaction of lithium ions with graphene sheets after the ﬁrst cycle. In
subsequent cycles both the peak current and the integral area nearly
overlapped for GS-CFO-2, but they were on the decrease with cycling
for CFO, demonstrating that GS-CFO-2 exhibited better capacity
reversibility than CFO due to the introduction of graphene sheets.
The capacity of CFO and GS-CFO-2 was further conﬁrmed by LAND
systems. The voltage proﬁles of CFO and GS-CFO-2 nanocomposites
from 1st cycle to 50th cycle were illustrated in Fig. 4(c) and (d). During
the ﬁrst cycle, the initial discharge and charge capacities of the bare
CFO electrode tested between 0.01 V and 3.0 V vs. Li/Li+ at 0.1 A g−1
were 1245 and 205 mA h g−1, respectively. The initial discharge and
charge capacities of the GS-CFO-2 hybrid electrode tested between
0.01 V and 3.0 V vs. Li/Li+ at 0.1 A g−1 were 1255 and 842 mA h g−1,
respectively, giving an initial coulombic eﬃciency of 67% and subse-
quent cycling eﬃciency of 91%. The large irreversible capacity of the
ﬁrst cycle was mainly attributed to the formation of an SEI layer on the
electrode surface and irreversible Li insertion into the graphene matrix
[13,17,21]. The cycling performance and rate performance of the GS-
CFO nanocomposites were displayed in Figs. 5(a) and (b), respectively,
where the eﬀect of diﬀerent graphene content of GS-CFO nanocompo-
sites on the electrochemical performance was also studied. From
Fig. 5(a), without graphene, the bare CFO showed the fast capacity
fading, while it was signiﬁcantly improved with the increase of the
graphene content. When the weight ratio of graphene increased to
20 wt%, the GS-CFO-2 nanocomposites showed a highest speciﬁc
capacity and good cycling stability. This trend indicated that the
homogeneous distribution of CFO was required to anchor on the
graphene matrix assured solid contact between CFO particle and the
graphene layer to favor the lithium ion transportation. After 50 cycles,
the GS-CFO-2 hybrid still delivered 944 mA h g−1, having retention of
75% with respect to the ﬁrst cycle capacity of 1255 mA h g−1.
The rate performance of the GS-CFO hybrid was also evaluated at
various current densities from 0.1 A g−1 to 5 A g−1, as shown in Fig. 5(b).
The GS-CFO-2 hybrid showed good rate performance. It still delivers a
Fig. 3. Nitrogen adsorption–desorption isotherms of CFO and GS-CFO-2.
Fig. 4. CV curves of CFO (a) and GS-CFO-2 (b) tested at 0.01 mV s−1 in the potential window of 0.01–3 V vs. Li/Li+, Voltage proﬁles of CFO (c) and GS-CFO-2 (d) tested at 100 mA g−1
in the potential window of 0.01−3 V vs. Li/Li+.
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high reversible capacity of 518 mA h g−1 at 2 A g−1 and drop to 240 m Ah
g−1 at 5 A g−1. The speciﬁc capacity GS-CFO-2 recovers to 990 mA h g−1
after 60 cycles at diﬀerent current densities (10 cycles each at 0.1, 0.2, 0.5,
1, 2, 5 A g−1 and then switched back to 0.1 A g−1), indicating the good rate
capability and structural stability. In contrast, CFO and GS-CFO-1
exhibited much poorer rate capability and cannot bear large current
densities due to the ineﬃcient ionic and electronic transport.
To verify the better performance of GS-CFO-2 hybrid, the electro-
chemical impedance spectroscopy (EIS) was used in comparison with
CFO, GS-CFO-1 and GS-CFO-2. The Nyquist plots of both samples
before cycling were shown in Fig. 6 with a frequency range of
1000 kHz–0.001 Hz. The diameter of the semicircle was a measure of
the charge-transfer resistance Rct, which was related to the electro-
chemical reaction between the particles or between the electrode and
the electrolyte. It had been found that the diameter of the semi-circles
for GS-CFO-2 hybrid was signiﬁcantly lower than CFO, indicating an
overall smaller charge transfer resistance. The results suggested that
GS-CFO-2 nanocomposite beneﬁted the electron transformation be-
tween the electrode and the electrolyte as compared to other controlled
samples, which was consistent the durability data shown in Fig. 5.
4. Conclusion
In summary, we had successfully prepared GS-CFO nanocompo-
sites via simple hydrothermal reaction to get the homogenous CFO NPs
anchored on the graphene nanosheets to form the integrated network,
in which graphene nanosheets acted as nucleation site to form ultra-
small CFO NPs. In addition, the content of graphene had been
optimized to improve the desperation of CFO NPs and facile the ionic
and electronic transport in the hybrid with unique structure during
cycling. As a result, the optimal GS-CFO-2 exhibited the high speciﬁc
capacity of 944 mA h g−1 and good capacity retention within 50 cycles
at current density of 0.1 A g−1. Considering the facile and general
method to disperse the CFO NPs into graphene matrix, it was believed
that the GS-CFO hybrid was promising anode candidate for the next
generation lithium-ion battery.
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